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Abstract 
In the past additive manufacturing processes relying on beam-based methods such as selective laser sintering (SLS) of polymers 
were almost exclusively applied for the generation of prototypes. In recent years, however, these methods are increasingly 
applied in the serial production of e.g. special parts to be used in the automotive industry. With this increased relevance in 
industrial applications, the demands on the powder material increased as well [1]. The so far used polymer materials show weak 
performance regarding the mechanical stability of processed parts. In consequence, there is a need for fine powders of different 
polymers showing good powder flowability and high bulk density. Currently, the commercial availability of polymer powders for 
SLS is very limited and the production processes are still not reliable enough due to poor powder characteristics. Within this 
contribution a process for the production of spherical polymer micro particles showing good powder flowability is presented [2]. 
It has been recently shown [3] for different materials that commercially available polymer granules can be ground down to the 
micron size range by a wet grinding process. Due to the grinding process the produced micron-sized particles are in a chiseled 
state, which leads to a bad flowability of the powder material. To overcome this problem the single particles are melted in a 
heated downer reactor and spherical particles are obtained by using the effect of the surface tension [3]. The rounding of ground 
PS microparticles was performed in a downer reactor with a length of 1,600 mm and a diameter of 25 mm. The reactor 
temperature was set 100 °C above the melting temperature of the treated material. The laminar flow regime in the downer reactor 
allows a well-defined residence time of particles and the surrounding gas [4]. The design of the downer reactor allows 
transferring the polymer particles in the molten state whilst avoiding contact between the single particles and between molten 
particles and the reactor wall. The mechanism of the rounding process in dependence of particle size, interfacial tension and melt 
viscosity will be shown within a sintering model [6]. The influence of residence time and overall solids density in the downer 
reactor on the particle shape and on the flowability of the bulk material is shown. Estimates from the sintering model allow for a 
reliable reactor design. 
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1. Introduction 
Since additive manufacturing techniques as SLS processes are more and more shifted towards direct digital 
manufacturing, the demand for suitable polymer powders have increased in the last years. So far the available 
material spectrum is restricted to few polymers which limit further possibilities of the named processes. In order to 
overcome these limitations powder materials with a small particle size and a good flowability are demanded. Within 
this contribution a process for the production of spherical polymer micro particles showing good powder flowability 
is presented [2]. The presented process chain consists of a wet-grinding step where irregular shaped particles within 
a particle size range of several μm can be obtained [3]. The irregular shape of a typical comminution product is seen 
in Fig. 1. 
 
Fig. 1: PS comminution product 
In a second step, the dried polymer particles are dispersed in an inert gas stream and heated up to their respecting 
melting temperatures in a downer reactor and thus are transferred in a liquid state. Utilizing the effect of surface 
tension, the shape of the molten particles will transform into spherical particles [4,7]. By the concurrent flow of 
particles and gas in the downer reactor, back-mixing effects can be avoided [8]. This allows a well-defined residence 
time distribution of the polymer particles, which is necessary to minimize aging effects [9] by adjusting the melting 
times to the necessary rounding times. 
 
2. Materials and Methods  
The downer reactor used for the rounding step has a length of 1,600 mm with a diameter of 25 mm. The 
necessary temperature for the polymer melting is generated by a three stage heating system. As carrier gas nitrogen 
is used to avoid oxidative degradation effects. A detailed sketch of the reactor set-up is shown in Fig. 2.The 
dispersion of the particles to create an aerosol is achieved by using a PALAS RGB powder disperser with brush [10]. 
To optimize the flow pattern in the downer, a special aerosol inlet is necessary to avoid contact between single 
particles and between molten particles and the reactor wall. The aerosol consisting of the polymer particles enters 
the reactor in the center of its cross section by a tube with a diameter of 10mm. This primary gas flow is surrounded 
by a secondary gas flow which can be described as a sheath gas flow. This sheath gas flow is necessary to further 
minimize the contact of molten polymer materials and the hot reactor wall.  
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Fig. 2: Downer reactor with aerosol inlet 
 
The temperature in the first heating zone on top of the reactor is set to 200 °C which about 100 °C higher than the 
melting temperature of the polystyrene, which was determined by DSC measurements. In the following two heating 
zones the temperature is lowered for a stepwise solidification of the now spherical particles. The last cooling step is 
achieved by a zone of the reactor exposed to ambient conditions. The obtained product is collected by a filter 
membrane made of PTFE.  
 
The shape of the treated particles is monitored ex-situ by optical analysis using SEM. The SEM images are 
processed using a commercial analysis software by Zeiss to identify the sphericity of the produced powder samples. 
The sphericity (see Eq.1) of a particle is defined as the surface of a sphere with an equal volume divided by the 
surface of the measured particle. The maximum value of the sphericity, reached by a perfect sphere, is 1.  
 
      Ȳ ൌ ୢ౒మ஠ୗ  (1) 
 
With dV as the diameter of the volume equivalent sphere and S the measured surface of the investigated particle.  
 
3. Results  
 
To estimate the necessary time to heat the particles in the feed to the gas temperature in the melting zone of the 
downer reactor, the heat transfer mechanisms were investigated. Heat exchange due to radiation can be neglected 
due the low temperatures, leaving convective and conductive heat transfer from the gas to the particles. The heat 
flow from gas to particle is equal to the change of the internal energy of the particles. Assuming Nu=2 the heat 
transfer is calculated with Eq 2.  
 
      ܿ௣ǡ௉ߩ௉ గ଺ ݔଷο ሶܶ ൌ െʹߨݔߣ௚οܶ (2) 
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cp,P is the specific heat capacity of the polymer, ߣ௚  the thermal conductivity of the surrounding gas, T the 
temperature, Up: polymer particle density, x: polymer particle diameter. 
The solution for this equation in respect to ∆T with time t and a constant temperature of the surrounding gas is as 
follows: 
 
      ο்ο బ் ൌ ݁ݔ݌ ൤െͳʹ
ఒಸ௧
ఘು௖೛ǡು௫మ൨ (3) 
 
The heat capacities were set to ܿ௣ǡ௉ ൌ1070 Jkg-1K-1 for polystyrene [11] and λG = 0.0361 Wm-1K-1 for nitrogen [12]. 
Using this equation, the necessary time to reach a temperature difference of 1% of the temperature difference at the 
beginning is calculated to 1.5 ms and 37 ms for a particle size of x = 10 μm and 50 μm. This means that the a 
heating of the polystyrene particles is achieved within several 10 ms. The necessary enthalpies for the phase 
transition and changes of the heat capacity by heating and phase transition can be neglected. Whilst heating a single 
polystyrene particle with x = 12 μm only 1.1 % of the internal energy is consumed upon heating from 25 °C to 
200 °C 
The following sintering process of the articles in a molten state have been investigated by Kirchhof et al [6] in 2009. 
Within this research it was possible to develop a simulation tool to calculate the necessary process times for a 
complete rounding of particle samples. Assumed is that the geometrical shape of the wet-grinded PS-particles can be 
displayed by a certain number of spherical single fragments with interact in the molten state. The interaction 
between the single fragments can be described as viscous-flow agglomerate sintering. The progress of this sintering 
process depends on material parameters as the surface energy and the melt viscosity of the material. Examples for 
the different stages of the particle rounding in respect with different process times are displayed in Fig. 3.  For the 
dimensionless sintering progress, material parameters as well as the structure of the primary particles can be 
neglected, which applies the shown scheme for a wide spectrum of materials.  
 
 
Fig. 3: Stages of the rounding step according to Kirchhof [6] 
 
The sintering times estimated by Kirchhof et al to end up with a fully coalesced sphere starting from particle 
configurations shown in Figure 3 can be calculated using Eq. 4.  
 
     ݐ௦௜௡௧௘௥௜௡௚ ൌ ఙఎ௫೑ ൌ ͳǤͳʹ (4) 
 
Hereby xf is the particle diameter of the obtained spherical particle after the rounding process, the surface tension of 
the material is given by σ and the viscosity of the polymer melt by η. Applying material parameters and constants, 
obtained literature and measurements, a maximum sintering time for a maximum particle size of xf = 10μm is 
calculated to tsintering = 2.6s. tsintering to a vast extent is independent from the initial particle arrangement. The 
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necessary time for heat transfer from the gas phase to the particles and the heat transport from the particles surface 
to the core can be neglected. SEM images of PS particles after a process time of t = 2.7s are shown in Fig. 4. The 
images reveal that the treated particles have undergone a rounding, which verifies the calculated process times.  
 
 
Fig. 4: Spherical polystyrene particles after a process time of 2.7s 
 
The corresponding shape factors determined by ZEISS analysis software are shown in Fig. 5. Displayed is the 
number density distribution of different shape factors. The measured data reveals a shift of the shape factors towards 
ψ=1, which states a perfect sphere, due to the rounding process.  
 
 
Fig. 5: Determined shape factors of PS before and after the rounding treatment 
 
To evaluate possible agglomeration effects due to the treatment, the particle size of the polymer samples are 
determined using a Mastersizer 2000 by Malvern. The measured particle sizes for the wet-grinded as well as for the 
rounded PS material are shown in Fig. 6.  
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Fig. 6: Measured particle size before and after rounding process 
The measured particle size distribution displayed in Fig. 6 shows that no significant increase of the particle size due 
to the treatment is observable. It can be stated that agglomeration effects due to particle-particle contact in the 
molten state are avoided by the flow pattern in the downer reactor.  
To further investigate the sintering behavior of the PS particles in the downer reactor, experiments with different 
process times were conducted. The residence time of the particle in the heated zones of the downer was set by the 
volume flow of the sheath gas flow. The volume flow necessary for the aerosol generation in the disperser is fixed to 
avoid inaccuracies. The results of these experiments as well as the corresponding residence times are shown in Fig. 
7.  
 
 
 
Fig. 7: Influence of residence time on the sphericity of the treated PS particles 
Fig. 7 illustrates the dependence of the rounding process in respect to the applied residence time of the particles in 
the heated downer reactor. With increasing time in the liquid phase, the rounding process evolves. The kinetic of 
this shape forming is in accordance to the aforementioned calculations adapted from Kirchhof [6].  
 
Since the flowability of particles is strongly dependent on the shape of the particles, the chiseled polymer particles 
after the wet-grinding show bad flowability, which makes them not applicable in common SLS-processes. Changing 
the shape of the particles by the rounding step, dramatically increase the flowability of the produced powder 
material [2].  
4. Conclusion 
To expand the available material spectrum for SLS processes, a process chain for the production of spherical 
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polymer particles within a size range of 5-10 μm is presented. After a wet-grinding step to comminute commercially 
available polystyrene particles, a rounding step is established using a downer reactor. The sphericity of produced 
particles is investigated using SEM. The particle size before and after the rounding step does not show an increase of 
the size. This shows that agglomeration of particle in the molten state is avoided. The physical properties of the 
treated polymer material is observed using DSC. Hereby no changes are observable due to the presented treatment. 
Since the necessary rounding times can be calculated using material parameters as melt viscosity and surface energy, 
sintering times for other polymer materials can also be estimated. These results are shown in Table 1. The necessary 
data is obtained from literature [13–15]. 
Table 1: Calculated sintering times for different polymer materials 
Material PS PBT POM 
Interfacial Tension σ / Nm-1 0.03 0.042 0.03 
Viscosity η / Pas 7000 300 31000 
Sintering Time / s (for xf = 10 μm) 2.61 0.1 13 
Reactor length / m ( d = 25 mm, ሶܸ=1.04 m³*h-1) 1.54 0. 05 6.81 
 
A scale-up of the presented process for an industrial use is also possible and routes for the single steps are reported 
in literature [5,16,17]. 
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